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Abstract 
The purpose of this work was to obtain a solid state joint of dissimilar material AA6063 
aluminum alloy and AISI 304 stainless steel, which can be used in number of industrial 
applications realized in Nuclear, electrical, aerospace, automobile, defense, and other 
industries. The joints were obtained by friction welding process;an experimental set up was 
developed in a lathe machine which utilizes the heat generated from friction between two 
surfaces and plastic deformation. Hardness test and impact Charpy test were conducted to 
demonstrate a good performance of joint. The results were analyzed through Taguchi-L8 
analysis method. Minitab software was used to plot the response chart. According to the 
Taguchi analysis, the minitab plots show that the parameter which contributed most was the 
pressure applied during welding. During welding the parameter least affecting is the rpm 
which affects the impact energy and the least is the time which affects the hardness of the 
weld zone. The Friction welding proves to be a great method for obtaining joints between 
dissimilar materials, which is not possible by fusion welding processes. 
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INTRODUCTION 
There are different applications in which 
mechanical components require many 
types of properties in a single component. 
This brings about the need for joining 
dissimilar metals. Dissimilar metal joining 
offers the potential to utilize the 
advantages of different materials often 
providing unique solutions to engineering 
requirements. The main reason for 
dissimilar joining are due to the 
combination of good mechanical 
properties of one material and either low 
specific weight or good corrosion 
resistance or good electrical properties of 
second material. Consequently, joining 
processes for dissimilar materials have 
received considerable attention in the 
recent years [1]. There is a wide difference 
of melting temperatures, for aluminum, 
approximately 660º C, and for steel, 
approximately 1538º C. the aluminum will 
melt and flow away well before the steel 
has melted. The most successful method to 
weld the aluminum and stainless steel is 
the friction welding. Friction welding is 
now an established solid-state welding 
process, with a number of industrial 
applications realized in aero-space, 
automobile, defense, and other industries. 
 
Friction welding is a solid state process, 
where no electric or other power sources 
are used, mechanical energy produced by 
friction in the interface of parts to be 
welded are utilized. During the welding 
process, surfaces are under pressure and 
this period called the heating phase 
continues until plastic forming temperature 
is achieved. In friction welding process, 
parts to be joined are rotated against each 
other while applying some axial force 
(friction force). As they are rotated, the 
surface oxide layers are broken up and 
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heat generates at the weld interface due to 
friction, which locally softens the 
materials. As the parts continue to rotate, 
more heat generates, and the materials at 
the weld interface begin to plastically 
deform. The broken oxide layers are taken 
away from the weld interface by an 
outward plastic metal flow (which 
manifests as flash) and metal surfaces are 
brought to intimate contact. The parts are 
then abruptly brought to rest and a higher 
axial force is applied to complete the 
weld[2].The application of an axial force 
maintains intimate contact between the 
parts and causes plastic deformation of the 
material near the weld interface [3]. The 
strength of the joints varied with 
increasing upset pressure and upset time 
keeping friction pressure and friction time 
constant. The joint strength increased, and 
then gradually decreased after reaching a 
maximum value, with increasing upset 
pressure and upset time [4]. 
 
Some of the welds had poor strength due 
to the accumulation of alloying elements at 
the joint interface [5]. There are still many 
problems on the joining of materials by the 
generally used fusion welding processes, 
such as: (1) in the melting state, the liquid 
welding pool of composite had a great 
viscosity with poor flow ability and it is 
difficult for composite itself to mix with 
the filler materials. Consequently, the 
formation of weld and the quality of 
welded joint are not satisfactory [6]. 
 
The Rotating Friction Welding (RFW) 
proves to be a great method for obtaining 
joints between dissimilar materials, which 
is not possible by fusion welding processes 
because metals and alloys, which cannot 
be welded by other welding methods, can 
be welded using friction welding. The 
friction between the surfaces makes 
possible a rapid temperature rise in the 
bonding interface, causing the mass to 
deform plastically and flows depending on 
the application of pressure and centrifugal 
force, creating a flash [7]. It is needed; in 
rotary friction welding the parts must be 
cylindrical [8]. In welding processes, the 
essential welding parameters are rpm, 
forging force on the surface, the mass of 
flywheel, and forging time [9].The 
strength of the joints varied with 
increasing friction time, spindle speed and 
the use of different pressure values. 
 
The present study utilized a continuous 
drive friction welding machine. In 
continuous drive friction welding one 
work piece is rotated at nominal constant 
speed in action alignment with the second 
part under an applied pressure. The 
rotation and pressure are maintained for 
the specific period to ensure adequate 
thermal and mechanical conditioning of 
the interface region. Thereafter, the 
rotation is stopped often with forced 
braking and at the same time pressure is 
increased to upset parts together. The 
purpose of this study is to join and assess 
the development of solid state joints of 
dissimilar materialAA6063 aluminum 
alloy and AISI 304 stainless steel and to 
determine the pressure at which the weld 
between aluminum and steel are formed. 
Figure 1 shows the stages of friction 
welding during the welding process [10]. It 
contains three main stages to weld the 
metals. 
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EXPERIMENTALDETAILS 
To hold the parent material and to measure 
the axial force applied during friction 
welding, a special pressure measuring 
device (shown in figure 2) with the proper 
fixture is fabricated. The device contains 
bottle type hydraulic jack of two ton 
capacity, drill chuck to hold work piece up 
to diameter 20 mm and pressure gauge can 
measure the pressure up to 210 kg/cm
2
.
 
 
Fig.2: Pressure measuring device               Fig. 3: Experimental setup 
 
The figure 3 shows the experimental set up 
containing the special fixture fixed on the 
lathe machine. The fixture containing 
tapered rod is inserted in the tailstock of 
the lathe. One of the parent materials is 
hold in the spindle (in chuck) and the 
material is in drill chuck attached to the 
fixture. During the friction welding the 
axial force can be adjusted by moving the 
tailstock quill assembled in the tailstock of 
the lathe. The vibrations generated during 
the welding are controlled with the help of 
jig fitted between chuck and apron. This 
arrangement is successfully reduce the 
vibration during the welding and the 
pressure reading is shown on the pressure 
gauge. 
 
Stage 1  
One component is positioned in a stationary 
clamp. The second part is positioned in the rotating 
spindle, which is then brought up to a pre-defined 
rotational speed. At the right moment, pre-defined 
axial force is applied.  
Stage 2  
These conditions are maintained for a 
predetermined time. A second step of pressure is 
applied until the desired temperatures and material 
conditions exist. During this stage the two materials 
are plasticized (become malleable).  
Stage 3  
Rotational speed is stopped. Then increased 
axial force is applied to create “forge pressure” for 
another predetermined time completing the weld. 
This provides molecular bonding and grain 
refinement through the weld zone. 
Fig.1: Stages of friction welding 
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The parent materials selected in this 
bimetallic welding work are Stainless steel 
(Grade 304), Aluminum (Grades 6063). 
Figure 4 shows the bimetallic samples of 
304SS and Al.6063 obtained after friction 
welding.  
 
 
Fig. 4: Bimetallic samples after friction welding. 
 
Procedure: Samples rods of steel and Al 
of diameter 12mm is cut into the pieces of 
45 mm length. Pressure measuring device 
is hold in tailstock with the help of tapered 
rod and base plate and the jig is also 
attached between spindle and drill chuck. 
The Pressure applied through the handle in 
tail stock and friction time and forging 
time has to be measured by the stop watch. 
Turning was done to remove the flash 
generated around weld zone. The figures 5 
& 6 show the samples before and after the 
turning operation.  
 
 
Fig.5 samples before turning process       Fig.6.samples after turning process 
 
In the work, the destructive tests 
performed are selected on the basis of 
process objective. A variety of testing 
methods can be employed to evaluate the 
weld’s characteristics. Here to measure the 
hardness Rockwell hardness testing 
machine (figure 7) was used and impact 
strength prediction was carried out in  
Charpy testing machine (figure 8).
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                 Fig. 7:  Rockwell hardness tester                    Fig. 8: Charpy tester  
 
OPTIMISATION OF PARAMETERS 
Parameters of the Friction Welding: 
Apart from traditional welding several 
welding parameters can be controlled in 
friction welding. These parameters include 
diameter of experimental rod, rpm of parts, 
friction contact time, forging delay time, 
friction pressure, geometry of parts, 
material properties etc. One of the 
objectives of this study is to optimize the 
input parameters such as rpm, friction time 
and friction pressures while the welding 
process. Pressure applied during welding 
is very significant because it controls the 
temperature gradient and rotational torque. 
Friction pressure has to be high enough to 
allow the removal of oxides and to get 
uniform heating throughout. The 
application of friction welding improves 
welding properties. Fiction time should 
allow plastic deformation to occur or to 
remove possible residuals and particles. 
 
Taguchi Analysis for the Optimization 
of Parameters:  
The Taguchi method is a structured 
approach for determining the best 
combination of inputs to produce a 
product. Taguchi has envisaged a new 
method of conducting the design of 
experiments which are based on well 
defined guidelines. This method uses a 
special set of arrays called orthogonal 
arrays. These standard arrays stipulate the 
way of conducting the minimal number of 
experiments which could give the full 
information of all the factors that affect the 
performance parameter. Figure 9 shows 
the processes of taguchi design of 
experiment.  
The five general steps involved in the 
Taguchi Method are as follows:  
1. Define the process objective or a target 
value for a performance measure of the 
process. The target of a process may 
also be a minimum or maximum.  
2. Determine the design parameters 
affecting the process. Parameters are 
variables within the process that affect 
the performance measure such as 
temperatures, pressures, etc. that can 
be easily controlled. The number of 
levels that the parameters should be 
varied and must be specified.  
3. Create orthogonal arrays for the 
parameter design indicating the 
number of conditions for each 
experiment. The selection of 
orthogonal arrays is based on the 
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number of parameters and the levels of 
variation for each parameter.  
4. Conduct the experiments indicated in 
the completed array to collect data on 
the performance measure.  
5. Complete data analysis to determine 
the effect of the different parameters 
on the performance measure. 
 
Knowing the number of parameters and 
the number of levels, the proper 
orthogonal array can be selected. Using the 
array selector table, the name of the 
appropriate array can be found by looking 
at the column and row corresponding to 
the number of parameters and number of 
levels. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.9: Flow chart of taguchi design of experiment 
 
Table 1 shows the selection of parameters 
and their values under different levels 
during friction welding. As the number of 
parameters in our experiment are three. 
Thus L8 array is selected. In L8 array, 
which is shown in table 2, parameter 1 
represents speed, parameter 2 represents 
pressure and parameter 3 represents time. 
1 represents level 1, 2 represents level 2. 
 
Table 1: FW Parameters & Levels 
Parameters (units) 
Levels 
1 2 
C1: Pressure (kg/cm
2
) 1000 1200 
C2: Speed (rpm) 760 1200 
C3: Time (min.) 25 30 
 
Table 2: Taguchi L8 array 
No. C1 C2 C3 
1 1 1 2 
2 1 1 2 
3 1 2 1 
4 1 2 2 
5 2 1 1 
6 2 1 2 
7 2 2 1 
8 2 2 2 
Identify the factors 
Analyze the data, 
determine the optimal 
levels 
Identify the levels of each 
factor 
Select an appropriate 
orthogonal array 
Conduct the confirmation 
experiment 
Conduct the experiments  
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RESULT AND DISCUSSION 
Initially, the samples prepared by friction 
welding were of cylindrical cross section. 
But  the hardness test was performed after 
cutting the specimen along its length and 
then two parallel lines at diametrically 
opposite ends of work piece was drawn, 
then two points were marked on aluminum 
side from weld zone and two points were 
marked on stainless steel side from weld 
zone. So, in total 5 points were marked 
including weld zone too. Then, hardness 
test was performed and respective reading 
was noted down. U-notch specimen was 
prepared onto welded specimen 
(75mmx10mmx10mm) for izod impact 
test. The needle of machine was set to 0° 
and then hammer was released due to the 
heavy impact the welded specimen 
undergone failure. The results obtained 
after the experimental work is tabulated in 
table shown in table 3. Hardness test& 
impact test specimens are shown in figure 
10.
 
 
Fig.10 FW sample after hardness test                               Fig.11 FW sample after impact test   
 
Table 3: Experimental reading 
Sample 
no. 
Speed 
(rpm) 
Time 
(min.) 
Pressure 
(kg/cm
2
) 
Hardness (weld zone) 
(C scale) 
Impact energy 
(Joule) 
1 1200 25 1200 83 294 
2 1200 30 1200 85 296 
3 760 25 1200 60 295 
4 760 30 1200 65 292 
5 1200 25 1000 45 297 
6 1200 30 1000 40 293 
7 760 25 1000 50 294 
8 760 30 1000 40 296 
 
Taguchi Analysis of Weld Zone: 
Taguchi analysis is performed to make 
process optimized. It mainly deals with 
finding an optimized solution of input 
problem. Taguchi analysis was performed 
using mintab7 software. Minitab is analyst 
software which allows facilitating of 
Taguchi method. 
From table 4, 5 and 6; parameters C1, C2 
and C3 represent pressure, Speed, time 
respectively.  Larger is the better.  
 
Taguchi analysis of Hardness: C4 versus 
C1, C2, and C3 (C4 represent mean of 
means)
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Table 4: Response table for means (hardness) 
Level  C1 C2 C3 
1 43.750 53.750 59.500 
2 73.250 63.250 57.500 
Delta  29.500 9.500 2.000 
Rank  1 2 3 
 
Figure 12 shows the main effects plot for 
means for hardness of weld zone. From the 
plot obtained through minitab software it 
is clearly shown that the mean values are 
around 43.75 and 73.25 for the pressures at 
1000 kg/cm
2
, 1200kg/cm
2
 respectively. 
Like this the mean values were reported 
for other parameters- speed and time in 
table 4. The delta values were calculated 
which showed that the pressure (C1) has 
the first rank to affect the hardness of weld 
zone. The time (C3) is the least one, which 
has the delta value around 2 compared to 
speed in rpm (C2), for which delta value is 
about 9.5.
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Fig. 12: Response plot for means 
 
a2) Taguchi Analysis of impact energy:C5 versus C1, C2, C3 (C5 represents mean ofimpact 
energy) 
 
Table 5: Response Table for Means (impact energy) 
Level C1 C2 C3 
1 292.5 292.8 292.5 
2 294.0 293.8 293.9 
Delta 1.5 1.0 1.4 
Rank 1 3 2 
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Fig. 13: main effects plots for means 
 
Figure 13 shows the main effects plot for 
means for impact energy. From the plot it 
is shown that the mean values are around 
292.5 and 294.0 for the pressures at 1000 
kg/cm
2
, 1200kg/cm
2
 respectively. Like this 
the mean values were reported for other 
parameters- speed and time in table 5. 
From the delta values, it is considered that 
the pressure (C1) has the first rank to 
affect the impact energy of welded 
specimen and the speed (C2) is the least 
one.  
 
Taguchi Analysis for signal to noise 
ratio:C6 versus C1, C2, C3 (C6 represents 
mean of S/N ratio)
 
Table 6: Response table for signal to noise ratio 
Level  C1 C2 C3 
1 49.320 49.330 49.322 
2 49.370 49.360 49.370 
Delta  0.050 0.030 0.048 
Rank  1 3 2 
 
12001000
49.36
49.35
49.34
49.33
49.32
1200760
3025
49.36
49.35
49.34
49.33
49.32
PRESSURE
M
e
a
n
 o
f 
S
N
 r
a
t
io
s
RPM
TIME
Main Effects Plot for SN ratios
Data Means
Signal-to-noise: Larger is better
 
Fig. 14: Response plot for signal to noise ratio 
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Figure 14 shows the response plot for 
signal to noise ratio for the weld zone. 
From the plot obtained through minitab 
software it was clearly shown that the 
mean values were recorded. Those values 
are available in table 6, which shows the 
pressure(C1) is the main parameter which 
affects the weld zone and time (C3) is the 
least one.   
 
CONCLUSION 
Friction welding has been successfully 
employed to weld dissimilar metals. The 
304 SS and AA6063 materials were 
welded by this process. In general, the 
present invention is applicable to all weld 
able materials, and includes a few 
materials not ordinarily joined by welding 
techniques. Hardness and impact energy 
test had been done on the welded specimen 
and the values were reported. Strength of 
the joints obtained was good as per the 
tests performed. The main aim was to 
predict the most and least parameters 
affecting the weld zone.  
 
According to the response tables and the 
plots obtained through Minitab software, 
the following conclusions have been made: 
 Parameter which mostly affects the 
weld zone hardness is pressure and the 
least is the time. 
 Parameter which affects the impact 
energy the most is pressure and the 
least is the speed during the welding. 
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